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izontal principal stress directions and 
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major faults. Numbers are keyed to the 
faults in fig. 2.
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RESULTS OF HYDRAULIC FRACTURING STRESS MEASUREMENTS AT JIANCHUAN,
WESTERN YUNNAN PROVINCE, CHINA

B.C. Haimson, J.E. Springer, M.Y. Lee, M.D. Zoback, Li Fangquan,
Zhai Qingshan, and Liang Haiqing

ABSTRACT

Ten hydraulic fracturing stress measurements were performed 
in an 800 m-deep well at Jianchuan in western Yunnan, China. The 
minimum horizontal principal stress shows a generally linear 
increase with depth and the gradient is not as high as that of 
the theoretical vertical stress calculated from the overburden. 
Above 450 m most of the Shmin values are greater than or equal to 
Sv. Below 450 m most of them are less than or equal to Sv, 
indicating a transition between a thrust and strike-slip stress 
regime. Assuming a frictional coefficient of between 0.6 and 1.0, 
the rocks do not appear to be close to failure in either a 
thrust-faulting or strike-slip mode.

Borehole breakouts were encountered from about 200 m to the 
bottom of the hole. Their orientations are somewhat scattered at 
shallow depths and become better defined below 600 m. The average 
SHmax direction from the breakouts is N15E, which is consistent 
with the horizontal slip component on major faults in the region. 
The orientations of six hydraulically induced fractures were 
determined from impression packers and they are roughly 
consistent with the breakout directions. The dispersion in 
breakout and hydraulic fracture orientation is thought to be 
related to local conditions, such as gravitational loading due to 
topography.

INTRODUCTION

As part of the Sino-U.S. In-Situ Stress Measurement Project, 
a series of deep hydraulic fracturing stress measurements were 
performed in Yunnan Province, China. The measurements were 
performed in a seismically active region of southwest China (fig. 
1), an area that has been selected for intensive studies of the 
processes related to seismic hazards. The purpose of the project 
is to understand the contemporary stress field and its 
relationship to crustal structure and active faulting in the 
region.

The study area lies in a mountainous area along the east 
flank of the eastern syntaxial bend of the Himalayan mountain 
chain. To the west in Burma, the Sagiang fault forms a transform 
boundary between the Indian and Eurasian plates. The high 
elevation of the region is a result of the collision between 
India and Eurasia during the last 30 m.y.

The most prominent tectonic feature in Yunnan is the Red 
River fault which trends northwest from the Gulf of Tonkin to at 
least as far as Xiaguan and has a total length of at least 900 km
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southwest China. The rectangle represents the area of fig. 2.



(Alien et al., 1984). The dominant sense of slip is right-lateral 
although some segments have a large normal component. While there 
have not been any ma^or historic earthquakes along the fault, 
geologic evidence indicates repeated Holocene movements (Alien, 
et al., 1984). North of Xiaguan, a series of more northerly 
trending faults appear to be a continuation of the Red River 
fault zone, although their sense of motion is said to be 
predominantly normal (Alien, et al., 1984).

The Xiaojiang fault (fig. 1) is a large left-lateral fault 
that trends north-south at about 45 degrees to the Red River 
fault and lies about 50 km east of Kunming. It was associated 
with two earthquakes of magnitude M 6.5 and M 6.1 in 1985. The 
Red River fault bends and has a more westerly trend in the 
region where it is intersected by the Xiaojiang fault.

Earthquake focal mechanisms compiled by Kan et al. (1977) 
suggest a generally N-S axis of maximum horizontal compression 
although there is a great deal of scatter in the orientations of 
the P- and T-axes. In the study area (fig.2), there are two major 
fault sets. One is N-S to NW-trending and has both right-lateral 
and normal motion. The other is NNE to NE-trending and has both 
normal and left-lateral motion. The horizontal component of slip 
on these faults suggest an average maximum horizontal compression 
of about N20E (fig. 3).

While the major structures reveal a probable horizontal 
stress direction, relative magnitudes of the horizontal and 
vertical stresses remain ambiguous and local variations in the 
stress field have not been documented. Direct measurements of the 
magnitude and orientation of the earth's stresses is essential to 
the understanding the contemporary tectonics and the processes 
associated with earthquakes. To date, hydraulic fracturing stress 
measurements have been conducted in two 500 m-deep holes and an 
800 m-deep hole. The first two were conducted at Xiaguan and 
Yongping in 1983 and 1984, respectively. The third set of tests 
were performed at Jianchuan during 1985 and 1986. This paper 
describes the geological and geophysical data collected from the 
Jianchuan test hole as well as the results of the hydraulic 
fracturing stress measurements.

SITE GEOLOGY

The drill site is located in a narrow, NNE-trendin^ valley 
13 km southwest of the city of Jianchuan (fig. 2). It lies midway 
between the Jianchuan and Lijiang fault zones, which are about 20 
km away, although several smaller faults near the site show 
evidence of recent movement (fig. 4). The relief in the vicinity 
of the hole is 500 m (fig. 5) and three levels of terraces in the 
valley suggest 300 m, or more, of late Cenozoic uplift.

The drillhole penetrated 800 m of sandstones and shales of 
the Eocene Baoshiang Temple Group along with several mica-rich 
lampro]phyre sills of probable Oli^ocene age. The Baoshiang Temple 
group is a collection of terrestrial and lacustrine deposits with
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Figure 3. Generalized stress model showing the horizontal 
principal stress directions and the sense of the horizontal slip 
component on major faults. Numbers are keyed to the faults in 
fig. 2.
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many massive quartz-rich sandstone beds that are competent and 
homogeneous enough to be quarried by the local population for 
construction of monuments. In the drillhole, sandstone beds and 
intrusive sills provided the best intervals for hydraulic 
fracturing.

The borehole produced a constant flow of water. The main 
water producing zone lies somewhere between 151 m and 173 m. This 
is inferred because a packer set at 151 m blocked flow to the 
surface while a packer set at 173 m allowed the well to continue 
running.

A borehole televiewer was run in order to determine the 
distribution and orientations of natural fractures and bedding 
planes. Analysis of the televiewer logs will be discussed in a 
later section.

HYDRAULIC FRACTURING STRESS MEASUREMENTS

Method

The hydraulic fracturing method (Hubbert and Willis, 1957) 
is based on the principle that, in mechanically isotropic rock, a 
hydraulic fracture will propogate in a plane normal to the least 
principal stress. Zoback and Zoback (1980) and McGarr and Gay 
(1978) present data supporting the assumption that, at depth, one 
principal stress is nearly vertical and the other two are 
horizontal. Further assumptions made are that the rock is 
homogeneous, isotropic, and linearly elastic. In a vertical 
borehole subjected to maximum and minimum horizontal compressive 
stresses, SHmax and Shmin, respectively, the stress 
concentrations around the borehole are given by the Kirsch 
equations (Jaeger and Cook, 1976). Solution of the Kirsch 
equations indicate that the compressive stresses tangential to 
the wellbore have a maximum value of 3SHmax - Shmin along the 
azimuth of Shmin and a minimum of 3Shmin - SHmax along the 
azimuth of SHmax (fig. 6).

The hydraulic fracturing technique consists of isolating a 
section of the borehole with inflatable rubber packers and 
pressurizing the interval between them. As this is done, the the 
tangential stress along the azimuth of SHmax decreases, becomes 
negative (tensile) and the rock fractures. The pressure then 
starts to drop and the well is shut in by a valve at the surface. 
The pressure at which the rock breaks is called the breakdown 
pressure Pb.

After the well is shut in, the pressure decays rapidly until 
the fracture closes, causing a change in the decay rate. The 
pressure at which the decay rate changes is called the 
instantaneous shut-in pressure (ISIP). An example of a pressure- 
time record is shown in fig. 7. Several pressurizing cycles are 
then performed in order to extend the fracture away from the 
borehole wall and minimize the effect of stress concentrations 
near the wellbore. The ISIP is considered to be equal to Shmin.
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Viscous pressure loss within the hydraulic fracture may cause the 
ISIP to be higher on the first cycle. As the fracture propogates, 
this effect decreases and the shut-in pressure on subsequent 
cycles approaches Shmin (Hickman and Zoback, 1983).

The maximum horizontal stress is related to the breakdown 
pressure,Pb by the following relationship derived by Haimson and 
Fairhurst (1967):

Pb = SShmin - SHmax - Po + T [1]

where Po is the pore pressure and T is the tensile strength of 
the rock.

In this report, we use an estimate of the fracture reopening 
pressure, Pr, to determine SHmax. The fracture reopening 
pressure is related to SHmax by the following relationship 
(Bredehoeft et al., 1976):

Pr = SShmin - SHmax - Po [2]

In other words, the fracture reopening pressure is equivalent to 
a breakdown pressure when the tensile strength of the rock is 
zero (fracture is already created).

Fracture opening pressures were estimated from the bend in 
the pressurization curves. Because the pumping rates were not as 
constant as we would like, this is only an estimate.

Estimation of the ISIP

Four methods were used to determine the instantaneous shut 
in pressure. These were the inflection point method (IP), low 
flow-rate pumping pressure (FL), flow-rate vs pressure (FR), and 
a non-linear regression method (NLR). The inflection point method 
is the simplest method and involves chosing an inflection point 
by inspection of the decay curve. When this inflection point is 
not apparent, a variation on the method, used successfully by 
Gronseth and Kry (1983) was employed. To use this method, a 
straight line, tangent to the decay curve, is drawn from the 
point of shut in. The pressure at which this line departs from 
the decay curve is taken as the ISIP (fig. 8).

While pumping on an existing fracture at very low flow- 
rates, the pressure increase until it reaches a stable plateau. 
The fracture is barely open at this pressure and the flow rate is 
just sufficient to keep up with the fluid escaping through the 
fracture. This estimate of the ISIP is usually a good upper 
bound.

By plotting the pumping pressure vs flow-rate for several 
different injection rates, two straight-lines are usually found 
(fig. 9). The steeper line occurs at pressures in which the 
fracture is closed and the shallower line occurs when the 
fracture is open and being extended. The intersection of these 
two lines is taken as the ISIP. This method is usually more 
successful when used on a single cycle. The flow rates, however
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were not always controlledwell enough and we sometimes had to use 
more than one cycle.

The nonlinear regression method is based on the observation 
of Muskat (1937) that as fluid flows between a well and porous 
rock, the pressure decays in a negative exponential fashion. The 
first segment of the curve does not fit the negative exponential 
model because the fracture is still open. Assuming that the 
fracture loses its permeability after it closes, fluid flow into 
the rock will follow an exponential decay function. A nonlinear 
regression is run on the digitized pressure-time record from the 
time the well is shut in. If this regression does not provide a 
good fit to a negative exponential function, the first point is 
thrown out and the regression is run on the remaining points. 
This step is repeated until a negative exponential fit is 
achieved. The exponential curve is then extrapolated back to the 
point at which the shut in was initiated and that pressure is 
taken as the ISIP (Haimson and Lee, 1987).

Hydraulic Fracturing Tests

The hole was drilled with a 130 mm- diameter core barrel to 
350 m depth. Between 350 m and 800 m, the hole diameter was 110 
mm. In the 130 mm section of the hole, four tests were performed 
using Lynes inflatable straddle packers with a diameter of 110 mm 
and an interval length of 2.5 m. Two tests were performed in the 
110 mm section using Lynes inflatable packers with a diameter of 
100 mm and an interval length of 2.2 m. The four lowest tests 
were done using a new 100 mm straddle packer developed by the 
Institute of Crustal Dynamics.

Pressure was applied at the wellhead using a 12-piston 
Racine pump driven by the diesel engine of a Liaz 
(Chechoslovakian) truck. Pressure was measured at the surface 
using a Dynisco 0 to 345 bar (0 to 5,000 psi) transducer and a 
ZQ-Y type 0 to 250 bar transducer (manufactured in China). The 
signals from both transducers were recorded in analog form on a 
LZ3-404 four channel X-Y function (chart) recorder (manufactured 
in China). The signal from the Dynisco transducer was also 
recorded on a TI four channel chart recorder. A Flow-Tech 
flowmeter measured pumping rates at the surface and these data 
were also output on the two chart recorders.

The signals from the Dynisco transducer and the flowmeter 
were also digitized in real time by an HP3421A, Data Acquisition/ 
Control unit, controlled by an HP-85 computer. The data were 
digitized on two channels at a rate of two readings per second on 
each channel. The digital records were stored on magnetic tape 
for further analysis. The first four and the last four tests were 
digitized. The pressures have been converted to downhole pressure 
by adding the hydrostatic head. On the flow records, spikes that 
appear at the end of each cycle are the flow back which has been 
cycled through the flowmeter. Table 1 summarizes the results from 
all the tests.
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Intervals for all the tests were chosen on the basis of core 
samples. The borehole televiewer was run after the first four 
tests were performed.

Table 1

Results of Hydraulic Fracturing Tests 
(Stresses in MPa)

Test Depth 
(m)

SHmin 
Min. Max.

Shmax 
Min. Max.

Sv Azimuth of 
SHmax

A

B

C

D

E

F

G

H

I

J

87

152

174

218

437

451

593

668

709

751

5.8

7.3

5.1

6.0

12.4

11.5

14.2

12.7

15.9

22.9

6.5

7.5

5.7

6.4

13.4

12.0

14.3

13.3

17.7

24.8

 

7.7

11.7

8.4

19.4

 

24.0

18.0

28.2

 

 

11.9

12.6

9.8

22.9

 

25.2

20.1

32.3

 

2.3

4.1

4.6

5.9

11.7

12.0

15.8

17.8

18.9

20.1

N63W

N23E

unknown

N35E

N53E

 

 

N3W

 

NSW

Test A. was performed in the interval from 86 m to 88.5 m with 
the center at 87.25 m. The rock was a sill that intersected the 
well from 72.1 m to 93.7 m. A pressure-time record for the test 
is shown in fig. 10. The initial breakdown pressure was 9.4 MPa. 
From the inflection point method, the shut-in pressures decreased 
with successive cycles. The value of 6.0 MPa was chosen from the 
fourth cycle as representative of Shmin. Using the low flow-rate 
pumping pressure as an upper bound and comparing the results from 
the flow-rate vs pressure and nonlinear regression methods, a 
range of 5.8 to 6.5 MPa was chosen. Televiewer logs (discussed 
below) indicated that the wellbore had spalled in this interval 
and the hole was not round. This condition was bad enough that 
the first attempt to set the packer in this interval resulted in 
a torn element. These conditions invalidate the assumptions of a 
round hole in a linear elastic medium, so we did not calculate 
SHmax. The impression packer revealed a vertical fracture 
oriented N63W that had not been seen on the pre-fracturing 
televiewer log.

Test B. was performed in the interval from 150.6 m to 153.1 m

12
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Figure 10. Pressure-time record for the test at 87 m.

with the center at 151.9 m. A pressure-time record for the test 
is shown in fig. 11. The rock was a very silty sandstone with 
subhorizontal bedding laminations. None of these, however, 
appeared to be mechanical breaks. The initial breakdown pressure 
was 9.4 MPa. The fracture reopening pressures fell in the range 
from 8.4 to 8.7 MPa (Table 2A). The best shut-in pressure from 
the third and fourth cycles, using the inflection point method 
was 7.3 MPa. By using the low flow-rate pumping pressure as an 
upper bound, a range of 7.3 to 7.5 was chosen for Shmin.

Test C. was run in the interval from 173 m to 175.5 m with the 
center at 174.25 m. A pressure-time record for the test is shown 
in fig. 12. The rock was a sill that intersected the well from 
166.9 m to 177.7 m. The breakdown pressure was 7.1 MPa and Pr was 
between 5.5 and 5.8 MPa (Table 2A). Shut-in pressures decreased 
from one cycle to the next and a value of 5.1 MPa was chosen from 
the third and fourth cycles using the inflection point method. 
Using the low flow-rate pumping pressure as an upper bound, a 
range of 5.1 to 5.7 MPa was chosen for Shmin. The post-fracturing 
televiewer record showed one horizontal fracture and one high- 
angle fracture that were not present in the core. The impression 
packer revealed a vertical fracture, however, the orientation 
mark was accidentally rotated and the orientation is not known.

Test D. was performed in the interval from 217 m to 219.5 m with 
the center at 218.25 m. A pressure-time record for the test is 
shown in fig. 13. The rock was a silty sandstone. The breakdown 
pressure was 8.3 MPa and Pr was 7.3 to 7.5 MPa. Shut-in pressures

13
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Figure 13. Pressure-time record for the test at 218 m.

decreased from one cycle to the next and, using the inflection 
point method for cycle 3, the value of 6.3 MPa was chosen. The 
lowest estimate of the ISIP was 6.0 MPa from the low flow-rate 
pumping pressure. The highest was 6.4 MPa from the nonlinear 
regression method. The value of Shmin was therefore 6.0 to 6.4 
MPa and the value of SHmax was 8.4 to 9.8 MPa.

The televiewer showed both horizontal and vertical fractures 
that were not present in the core. The impression packer revealed 
a previously unseen vertical fracture with a strike of N35E.

Test E. was performed in the interval from 435.9 m to 438.1 m, 
centereH at 437 m. A breakdown pressure of 17.5 MPa was recorded 
on the first cycle and the fracture reopening pressure was 13.0 
to 13.5 MPa. The ISIP's were 12.5, 12.4, and 12.7 MPa using the 
inflection point, nonlinear regression, and flow-rate vs pressure 
methods. The upper bound on Shmin was taken from the low flow- 
rate pumping pressure as 13.4 MPa. Shmin is therefore 12.4 to 
13.4 MPa and SHmax is 19.4 to 22.9 MPa. The impression packer 
revealed a previously unseen vertical fracture with a strike of 
N53E.

Test F was performed from 449.7 m to 451.9 m, centered in the 
interval attempted in test number four. The rock was an intrusive 
that intersected the hole from 435.9 m to 459.2 m. Shut-in 
pressures were 12.0 MPa from the inflection point method and 11.5 
from the low flow-rate pumping pressure. There was no observable 
breakdown pressure and the fracture reopening pressures were too

15
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ambiguous to use for a determination of SHmax. It appears from 
the slow pressure increases on these curves, that the pumping 
rates were not sufficient to overcome fluid loss in the system. 
High-angle joints intersected the core at either end of the test 
interval and these joints were possible sources of fluid loss.

Test G was performed in an interval centered in clayey siltstone 
at 593 m. A pressure-time record for the test is shown in fig. 
14. The initial breakdown pressure was 18.3 MPa and Pr was in the 
range of 11.9 to 12.8 MPa. The best pick for the ISIP from the 
inflection point method was 14.2 MPa and the best pick from the 
nonlinear regression method was 14.3 MPa.

Test H was performed at 668 m in fine sandstone. A pressure-time 
record for the test is shown in fig. 15. Using the inflection 
point method, the ISIP from the first cycle was chosen as the 
best pick. The average ISIP from the nonlinear regression method 
was 12.7 MPa and the upper bound on Shmin was chosen from the low 
flow-rate pumping pressure of 13.2 MPa. The breakdown pressure 
was 15.6 MPa and the best picks for Pr were from 13.2 to 13.5 
MPa. The estimate of SHmax is therefore 18.0 to 20.1 MPa. The 
impression packer revealed a high-angle fracture with a strike of 
N3W.

^ 62.5

I-H 50

5 37- 5
~ 25

O 12.5
_J
U_ 0

I I I I I I I I I I 1 I I I I I I I I 1 I I_II I I 1 I I I I I 1 I 1 I

1 1 J_II_I 1 I I I 1 I_I
2 4 6 B 10 12 14 IB IB 20 22 24 26 2B 30 32 34 36 38 40

________________TIME (MINUTES)________________ 

Figure 14. Pressure-time record for the test at 593 m.
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Figure 15. Pressure-time record for the test at 668 m.

Test I was run at 709 m depth in fine sandstone. A pressure-time 
recorH for the test is shown in fig. 16. The initial breakdown 
pressure was 15.1 MPa and Pr was 12.0 to 12.5 MPa. From the 
inflection point method, the best ISIP value was 17.7 MPa. From 
the nonlinear regression method it was 15.9 MPa. No impression 
was taken of the interval. The computed maximum horizontal stress 
is 28.2 to 32.3 MPa.

Test J was done at 751 m in a silicic sandstone. A pressure-time 
record for the test is shown in fig. 17. The breakdown pressure 
was 31.6 MPa. The fracture reopening pressures were too ambiguous 
to obtain an estimate of SHmax. The best ISIP pick from the 
inflection point method was 24.8 MPa and the best pick from the 
nolinear regression method was 22.9 MPa. The impression packer 
revealed a new fracture striking NSW.

BOREHOLE TELEVIEWER STUDIES 

Televiewer Logging

The purpose of the televiewer log was to inspect the 
borehole conditions, determine the distribution of natural 
fractures and bedding planes, and characterize any borehole 
breakouts. The log coverage was from 771 m to the bottom of the 
casing at 30m. One log was run after tests had been completed at 
87m, 152m, 174m, and 218m, but before testing had been done at 
lower depths.
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Figure 16. Pressure-time record for the test at 709 m.
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The borehole televiewer consists of a centralized logging 
sonde with a rotating peizoelectric transducer that scans the 
borehole wall with pulses of 1 MHz acoustic energy- The 
transducer rotates at 3 revolutions per second, emitting and 
receiving 600 pulses per revolution. A flux-gate magnetometer in 
the tool triggers each time the transducer sweeps past magnetic 
north so that the azimuth, amplitude, and two-way travel time of 
each pulse can be determined. The transducer describes a spiral 
up the borehole as the log is run at 1.5 m per minute. The signal 
is transmitted through the logging cable to the surface for 
processing. The full waveform of the signal was recorded on 
magnetic tape, along with the compass signal and depth 
information.

At the surface, the signal is displayed as a function of 
brightness on the z-axis of a three axis oscilloscope. The field 
log (fig. 18) consists of a series of polaroid pictures which 
display an imacje of the inside of the borehole as if it were 
split down the middle along magnetic north and laid flat. Dipping 
planar discontinuities, such as fractures, project as sinusoidal 
traces on the log. The shape of the sinusoid provides a means of 
determining the strike and dip of the fracture (see Zemanek, et 
al., 1970). The complete televiewer log is presented in Appendix 
B.

Borehole Breakouts

Borehole breakouts are stress-induced enlargements of the 
borehole that result in a preferred orientation of the long axis 
of the cross-sectional shape of the hole (Bell and Gough, 1979; 
Springer et al., 1984; Zoback et al., 1985). The stress 
concentrations around the borehole, given by solution of the 
Kirsch equations and shown in fig. 6, cause the maximum 
tangential stress to be SSHmax - Shmin along the azimuth of 
Shmin. When this stress exceeds the compressives strength of the 
rock, the borehole wall fails, causing the hole to elongate in 
the direction of Shmin.

Interpretation of borehole breakouts requires analysis of 
the travel-time of sonic pulses. Digital analysis of the travel- 
time data is currently underway. The breakouts reported here were 
first picked from the amplitude record on the field log and were 
then verified by displaying the travel-time on an oscilloscope. 
Breakouts sometimes appear on the televiewer log as vertical dark 
bands 180 degrees apart. This is because the reflected signal 
amplitude decreases in the failed portion of the borehole. 
Vertical dark bands, however, can also be caused by an off- 
centered logging tool. This happens because the incident beam on 
the borehole wall is oblique and is reflected away from the 
transducer (Taylor, 1983). This phenomenon is shown schematically 
in fig. 19.

In order to distinguish breakouts from the off-centered 
phenomenon, the waveform of the signal is used. By playing the 
waveform through the z-axis of the scope and playing a single
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606.0
MN

Televiewer logging image at Jianchuan (Nov. 1986)

(a) The logging image from 606.0 to 613.5 m, 
Geometry of fracture F on it.

(b) Formation of fracture F crossing the hole.

(c) Calculated dip and strike of fracture F.

Figure 18. Example of a televiewer log showing the strike and dip 
of an inclined fracture.
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Figure 19. Schematic diagram showing the location of zones of low 
reflectance on a televiewer image due to an off-centered logging 
tool and to a borehole breakout.
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sweep of the transducer through the y-axis, a plot of travel-time 
vs azimuth is produced. This plot can then be converted to a 
cross-section providing the shape of the hole and position of the 
tool. The calculated cross section from 451.5 m depth is shown in 
fig. 20.

Twenty-nine breakout zones were identified, representing 
44.5 m, or about 6 percent of the length of the borehole. The 
breakouts have consistent azimuths (fig. 21) averaging about 105 
(N75W-S75E). This yields an average maximum stress orientation of 
N15E. A plot of breakout azimuths vs depth (fig. 22) indicate a 
large dispersion about the mean between 400 and 600 m. Below that 
depth, the breakouts are more consistent.

DISCUSSION

The four shallowest tests show that both SHmax and Shmin are 
higher than Sv, indicating a thrust faulting stress regime (fig. 
23). At 174 m and 218 m, the pressure records and televiewer data 
show evidence that horizontal fractures have been opened, 
although vertical fractures may have also been created. This is 
also consistent with a least principal stress that is oriented 
vertically. The lower tests show the stresses crossing over into 
the strike-slip regime where SHmax > Sv :> Shmin.

The likelyhood of renewed movement on favorably oriented 
fault planes is related to the coefficient of friction, u , the 
pore pressure, Po, and the maximum and minimum principal 
stresses, SI and S3 (Zoback and Healy, 1984) by the following 
relationship:

2 1/2 2 
(SI - Po)/(S3 - Po) = [(n +1) +n] [3]

Taking the case of thrust faulting and rearranging, the 
relationship is:

2 1/2 2 
SHmax = (Sv - Po) [ (U + 1) + M ] + Po [4]

A detailed study of friction for a wide variety of rock 
types (Byerlee, 1978) shows that for most rocks when the normal 
stress is greater than 5 MPa, the frictional coefficient is 
between 0.6 and 1. Thus, it can be argued that the likelyhood of 
movement on favorably oriented trust faults can be assessed by 
using the relationship in [6] and applying it to the in-situ 
stress data. The calculated values of SHmax for frictional 
coefficients of 0.6 and 1 are shown in fig. 23. The envelope 
defined by the curves represents the values for SHmax for which 
movement on favorably oriented thrust faults might be expected. 
Because Byerlee's (1978) relationship does not apply under low 
normal stresses, the envelope is drawn only for depths greater 
than 200 m. Similar calculations, using the maximum horizontal 
shear stress show that the lower tests do not fall within the 
failure envelope for strike-slip faulting.

From this data we cannot say anything about the stability of
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Figure 20. Cross-sectional shape of the hole at 451.5 m showing a 
well developed breakout.
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Figure 21. Histogram showing the orientations of breakouts.
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Figure 22. Plot of breakout azimuth vs depth.
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Figure 23. Plot of SHmax, Shmin, Sv, and Po vs depth in the 
Jianchuan hole. The envelope for frictional failure on favorably 
oriented thrust faults is shown for frictional coefficients 
between 0.6 and 1.0.
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faults at seismogenic depths. Detailed mapping and studies of 
fault plane solutions (Kan et al., 1977; Alien et al., 1984) show 
that normal and strike-slip faulting are active in this region. 
Shallow thrust faulting stress regimes that change to strike-slip 
faulting at greater depth have been reported elswhere (Zoback et 
al., 1980; Brace and Kohlstedt, 1980) and are not unusual.

The high relief in the vicinity of the Jianchuan site, may 
effect the shallow stress field. Gravitational loading may add to 
the horizontal stress component perpendicular to the axis of the 
valley. The shallowest test indicates a hydrofracture orientation 
perpendicular to the valley axis. At depth, the SHmax direction, 
derived from breakouts becomes about N15E. A tentative conclusion 
from this data is that topographic loading is influencing the 
near-surface stresses and that the topographic affect diminishes 
with depth. Because of this possible topographic affect on the 
near-surface stresses, it would be advantageous to measure in- 
situ stresses at greater depths in order to better understand the 
tectonic regime.

CONCLUSIONS 

The main conclusions drawn from the hole are:

1. In the upper 200 m, both horizontal stresses are greater than 
the calculated vertical stress indicating a thrust faulting 
stress regime. Below 200 m, the stresses approach transition to 
a strike-slip stress regime.

2. At shallow depths, hydraulic fracture orientations and 
borehole breakouts show some variation in orientation, suggesting 
a local phenomenon, such as gravitational loading from the 
topography, may be influencing the stress directions.
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APPENDIX A

Cycle by Cycle Results of the Hydrofracturing Tests
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Cycle

TABLE 1A
ISIP Determinations 

(Downhole Pressures in MPa)
Method 

IP LF NLR FR

Test A: Depth = 88 m, Po = 0.9 MPa

1 6.7
2 6.4
3 6.0
4 6.0
5 "  

Best Picks: 6.0

6.5

6.5

6.2 
5.7 
5.4

5.7
5.8 
5.8

Test B: Depth = 152 m, Po = 1.5 MPa

1 7.7
2 7.7
3 7.3
4 7.3
5 6.7
6 6.3
7 5.3 

Best Picks: 7.3

6.4 
6.2 
6.0

7.5

7.5

Test C:

6.2(ave) 

Depth = 174 m, Po = 1.7 MPa

1 6.9
2 6.5
3 5.1
4 5.1
5 5.0
6 5.5
7 5.5
8 4.9 

Best Picks: 5.1

6.1
5.7

5.7 6.1

Test D: Depth = 218 m, Po = 2.1 MPa

1 7.6
2 6.6
3 6.3
4 5.6
5 5.6

Best Picks: 6.3

6.0

6.0

7.7 
6.4 
5.6

6.4

Methods: IP=inflection point, LF=low flow-rate pumping pressure, 
FR=flow-rate vs pumping pressure, NLR=nonlinear regression.
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Cycle
IP

TABLE 1A (continued) 
ISIP Determinations 

(Downhole pressures in MPa)

Method 
LF NLR FR

Test E: Depth = 437 m, Po = 4.3 MPa

1
2
3
4
5
6

Best

Test

1
2
3
4
5
6

Best

Test

1
2
3
4
5
6
7

Best

Test

1
2
3
4
5
6
7

   
 
12.5
12.5
13.2
12.9

Picks: 12.5

F: Depth = 451 m,

13.7
11.3
12.0
11.3
12.1
13.0

Picks: 12.0

G: Depth = 593 m,

14.5
14.5
14.3
14.2
14.5
14.2
14.3

Picks: 14.2

H: Depth = 668 m,

13.3
13.2
13.3
13.0
12.9
13.0
13.2

   
 
13.4
 
 
 
13.4

Po = 4.4

   
 
 
11.5
 
   
11.5

Po = 5.8

 
 
 
 
 
 
 
 

Po = 6.6

   
 
 
 
 
13.2
 

17.3
13.3
12.4
 
 
   
12.4

MPa

   
 
 
 
 
 
 

MPa

14.7
14.3
13.8
14.0
13.8
14.0
14.0
14.3

17.3
12.3
12.7
12.6
12.2
12.2
12.5

12.7

Best Picks: 13.3 13.2 12.7
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Cycle

TABLE 1A (continued) 
ISIP Determinations 

(Downhole pressures in MPa)
Method 

IP LF NLR FR

Test I: Depth = 709 m, Po = 7.0 MPa

1 17.0
2 16.0
3 13.4
4 17.7
5 17.2

Best Picks: 17.7

15.9
15.0

16.3
15.9

Test J: Depth = 751 m, Po = 7.4 MPa

1
2 26.5
3 24.8
4 23.0
5 21.3
6 19.5
7 22.5

Best Picks: 24.8

30.1
24.9
22.9

22.8

23.5
22.9
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TABLE 2A
Breakdown and Fracture Reopening Pressures 

(Downhole Pressures in MPa)

Test Cycle

B 1
152 m 2

3
5
6
7 

Picks:

C 1 
174 m 2

3
4
5
6
7 
S 

Picks:

D 1 
218 m 2

3
4
5 

Picks:

E 1 
437 m 3

5
6 

Picks:

F 1 
451 m 3

4
5
6 

Picks:

Pb Pr

A 1
88 m 2

3
4

Picks

9.4
 

9.4

   

8.8
6.7
6.7

6.7 to 8 .8

no breakdown 

7.1

7.1 

8.3

8.3 

17.5

17.5

no breakdown

8.7 
8.4 
8.0 
8.0 
7.7 

8.4 to 8.7

5.8 
5.5 
4.8 
4.8 
4.8 
5.1 
4.1 

5.5 to 5.8

7.5 
7.3 
5.6 
6.3 

7.3 to 7.5

13.0 
15.3 
13.5 

13.0 to 13.5

11.6?
9.5?

13.0?
13.0?

11.6 to 13.0?
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TABLE 2A (continued)
Breakdown and Fracture Reopening Pressures 

(Downhole pressures in MPa)

Test Cycle Pb Pr

G 1 18.3
593 m 2 12.4

3 11.9
4 12.8
5 12.3
6 11.6
7 12.3

Picks: 18.3 11.9 to 12.8

HI 15.6
668 m 2 13.5

3 13.7
4 13.2
5 12.1
6 12.3

Picks: 15.6 13.2 to 13.5

II 15.1
709 m 2 12.0

3 12.4
4 12.5
5 12.0
6 11.3

Picks: 15.1 12.0 to 12.5

J 1 31.6
Picks: 31.6
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APPENDIX B

Borehole Televiewer Logs
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